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ABSTRACT 


The microwave attenuation and noise temperature effects of clouds can re- 
sult in serious degradation of telecommunications link performance, especially 
for low-noise systems presently used in deep-space communications. Although 
cloud effects are generally less than rain effects, the frequent presence of 
clouds will cause some amount of link degradation a large portion of the time. 

This report presents a general review of cloud types, water particle 
densities, radiative transfer, attenuation and noise temperature calculations, 
and examples of basic link signal -to-noise ratio calculations. The results of 
calculations for twelve different cloud models are presented for frequencies of 
from 1 to 50 GHz and elevation angles of 30-degrees and 90-degrees. These case 
results may be used as a handbook to predict noise temperature and attenuation 
values for known or forecast cloud conditions. 
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INTRODUCTION 






Microwave propagation through the earth's atmosphere is affected 
adversely by the presence of rain and clouds. As communications systems operate 
at higher and higher frequencies (greater than 30 GHz), attenuation and noise 
temperature effects become increasingly severe. Although rain effects are 
generally greater than those of clouds, rain occurs less than about five-percent 
of the time. Clouds, on the other hand, may be present fifty-percent of the 
time as a yearly-average or continuously for periods of weeks on end. Thus, 
the integrated cloud effects (dB-hours or Kel vin-hours) may be much larger than 
those for rain. 


Compared to rain studies, little has been done to characterize the 
statistics of cloud effects. Clearly, the best method of determining noise 
temperature statistics is to go out and measure noise temperature! Lacking the 
resources and equipment to do this, an alternative method is to draw upon the 
vast amount of historical weather data (surface observations, radiosonde 
profiles, pilot reports, etc.) and turn this real weather data into estimates of 
noise temperature and attenuation. To this end, a cloud model and computational 
scheme have been developed to calculate attenuation and noise temperature using 
real weather observations as program inputs. Forecasts of real weather 
parameters can also be used to give forecasted cloud effects, using this model. 

This report presents a general discussion of cloud characteristics and 
tiie computational model. Sample case calculations for twelve specific cloud 
cases are given for a frequency range of i to 50 GHz. Future work will involve 




CLOUD DESCRIPTTnwc 


A cloud may be described as a random distribution of liquid water 
particles above the ground having diameters of from 0 to 100 microns (mn) 
for comparison, raindrops have a site distribution of approximately 
'00 microns (0.1 -) to 3 * (Refs. 1 and 3). Rare cases will be found where 
partKle sites will be outside the ranges stated. Clouds are not water vapor. 
wP.ch ,s a clear, colorless gas, like oxygen and nitrogen, although the 
relative humidity is usually loot within the cloud. Clouds can exist at high 
temperatures (+20 C) as well as at temperatures below freeting (-10°C) where 
they remain liquid (supercooled) and pose a great icing threat to aircraft 
penetrating them. High-level clouds, such as cirrus, are cmnposed of ice 
crystals and will not generally be found at temperatures above -le-c. (Ref. 2 ) 


Figure 1 (Ref. 3) and Table 1 (Ref. 3) show typical model cloud drop 
spectra for different cloud types. These spectra may be integrated over the 
cloud drop radii (~0 to 30 microns) to determine the average cloud 
density and average drop diameter for the various cloud types. Table 2 gives 
the results of these calculations for the cloud types of Ref. 3. The spectra 
in Figure 1 are for illustrative purposes only. 
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TABLE 1. MODFI CLOUD DROP SIZE AND 
CONCENTRATION 

(after Carrier, et al. Ref. 3) 



CLOUD TYPE 


rmode 


Stratus I 
Altostratus 
StratocuinuIiJS 
Nimbostratus 
Fair-weather cumulus 
Stratus II 
Cumulus congestus 


Cumulonimbus 


''mode = 


total concentration, no./cm3 

radius corresponding to the maximum 
number of droplets, microns 


^min = minimum radius, microns 

'’max = maximum radius, microns 

Ar . bandwidth of the drop-size distribution 
at half-value points, microns 
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TABLE 2 


SUMMARY OF CLOUD MODEL DENSITIES AND AVERAGE RADII 


CLOUD TYPE 

CONCENTRATION 

(no/cm3) 

DENSITY 

(g/m3) 

AVERAGE RADIUS 
(microns) 

STRATUS I 

464 

0.27 

5.2 

STRATOCUMULUS 

350 

0.16 

4.8 

FAIR-WEATHER 

300 

0.15 

4.9 

CUMULUS 1 




STRATUS II 

260 

0.49 

7.6 

CUMULONIMBUS 

72 

0.98 

14.8 

CUMULUS 

207 

0.67 

9.2 

CONGESTUS 




NIMBOSTRATUS 

330 

0.99 

9.0 

ALTOSTRATUS 

450 

0.46 

6.2 
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The stratus I cloud is based on observations taken off the coast of 
California. Stratus II is found over land. The altostratus and 
stratocumulus clouds observed had bases approximately 2000 meters above 
ground and tops up to 4000 meters above ground, with a typical thickness of 
1800 meters. For reference, the standard temperature at 4000 meters above sea 
level is about -5®C. It is suggested in Ref. 2 that the drop size spectra 
for nimbostratus and fair-weather cumulus be used for altocumulus clouds. 

A standard pictorial listing of cloud types is given in the U.S. National 
Weather Service Cloud Code Chart (Ref. 4). The clouds portrayed on the chart 
confonn to the standard types approved by the World Meteorological 
Organization and serve as a common point of reference for use in cloud 
observations and predictions. 

Although Table 2 shows cloud densities of less than 1 g/m^, several 
investigators (Ref. 2) have observed cloud densities of up to 10 g/in^. 
Convective type clouds (cumulus, cumulonimbus) in the summer have maximum 
water contents of 3 (cumulus humilis) to 10 (cumulonimbus) g/m^, although 
for clouds with large vertical development (cumulonimbus exceeding 10 km in 
height), there is some question as to the relative proportions of actual cloud 
particles and suspended precipitation particles. 

Four cloud models used by other investigators (Ref. 5) are summarized 
in Table 3. These models are consistent with descriptions above, except in 
the case of altostratus clouds. 
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MODEL 1 


MODEL 2 


MODEL 3 


MODEL 4 


TYPE 

COASTAL 

STRATUS 

STRATO- 

CUMULUS 

STRAIO- 

CUMULUS 

ALTO- 

STRATUS 

BASES* 

0.500 km 

l.COO km 

1.000 km 

2.500 km 

TOPS* 

1.030 km 

2.000 km 

2.500 km 

4.500 km 

WATER 

DENSITY 

0.33 g/m3 

0.33 g/m^ 

0.20 g/m3 

0.15 g/m3 


*dbove ground level 







Table 4 (Ref. 6) gives typical fog and cloud models which are 
representative of inidlatitude conditions. This table is of particular 
interest because of its listing of cloud bottom and top heights. 

The term "precipitable water" is used to describe the total amount of 
water throLigh which one looks along a path through the entire atmosphere. 
Precipitable water has the units g/cni2, or simply cm (i.e., 1 cm^ of water 
weighs 1 g.). For a cloud with a density of 1 g/m^, 1 km thick, the 
precipitable water (vertically) is O.i g/cm2 or 0.1 cm. By comparison, a 
typical valre of precipitable water vapor is 1.5 g/cm2 along a vertical path 
through tne entire atmosphere. 
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TABLE 4, TYPICAL FOG AND CLOUD MODELS 
(Ref. 6) 



Density 

Heights above ground i 

Cloud Type 

(q/m3) 

Bottom 

Top 

Heavy Fog 1 

0.37 

0 

150 

Heavy Fog 2 

0.19 

0 

150 

Moderate Fog 1 

0.06 

0 

75 

Moderate Fog 2 

0.02 

0 

75 

Cumulus 

1.00 

660 

2700 

A1 tostratus 

0.41 

2400 

2900 

Stratocumulus 

0.55 

660 

1320 

Nimbostratus 

0.61 

160 

1000 

Stratus 

0.42 

160 

660 

Stratus 

0.29 

330 

1000 

Stratus- 

Stratocumulus 

0.15 

660 

2000 

Stratocumulus 

0.30 

160 

660 

Nimbostratus 

0.65 

660 

2700 

Cumulus- 

Cumulus Congestus 

0.57 

660 

3400 


II. 


ABSORPTION AND SCATTERING EFFECTS 



The total attenuation (or extinction) of a radio wave by a cloud is the 
sum of the absorption and scattering by particles in the cloud. Absorption of 
microwave energy by a cloud particle heats it up slightly, and it then 
re-radiates i sotropical ly (egually in all directions) with an emissivity 
less than 1.0 at its particular physical temperature. Scattering results in 
a re-direction of the incident energy so that it does not arrive vat its 
"straight line" destination. Scattering in certain directions is enhanced 
depending on the wavelength of incident energy, particle size distribution, 
and dielectric constant of the scattering particles. Scattering may be 
advantageous for some applications, such as in troposcatter communication 

systems. 

The absorbed energy is lost and does not contribute to the noise 
temperature (power) received by a radiometer. The absorbing medium itself 
does radiate power into the receiver and contributes to the total system noise 
temperature. This is discussed further in Sections III and IV. 

A good general description of scattering by water and ice particles 
is found in Battan (Ref. 7), who draws on the original work of Mie (Ref. 8). 

A detailed discussion of scattering theory is beyond the scope of this 
survey article, but for the case of microwave radiation (1 to 50 GHz for 
vomnuni cat i ons bands) and cloud particles (diameters 1 to 100 microns) 
certain computational simplifications become possible. 
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A common parameter used in scattering calculations is 

a = 2rta/x 

where a = drop radius 

X = wavelength of incident radiation 

For the case a«l, the scattered component of the incident radiation 
is small compared to the absorptive component; and the total attenuation 
(extinction) is due to absorption. For the shortest wavelength (0.6 cm for 
50 GHz) and the largest cloud drop diameter (100 microns), « = 0.052, which 
satifies the relationship a«l. Using the cloud drop spectrum suggested by 
Diermendji an (Ref. 9), Dutton and Dougherty (Ref. 10) make the argument that 
even for frequencies as high as 350 GHz(x = 0.086 cm) "Rayleigh" approximations 
are valid (see Battan, Ref. 7) and extinction of microwave energy is almost 
entirely due to absorption. 

The attenuation of cloud drops is given by (Ref. 7, Eqn. 6.14): 

kc = [0.4343 6w/x Im{-(m2-l)/(m2+2)} ]M 
= KiM 

where m = complex index of refraction of water, 
function of temperature and wavelength 

M = density of cloud water particles, g/m^ 

(range ~ 0 to 10 g/m^) 
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Values of Kj, taken from Gunn and East (Ref. 11) are given in Table 5. 

Bean and Dutton (Ref. 12) also use these values in their discussion of cloud 
attenuation. 

TABLE 5 


One-Way Attenuation Coefficient, Ki , in Cl ouds, dB/km/g/nr^ 
(from Gunn and East. Ref. Ill 


TFMPFRATMRi: 

WAVELENGTH (Cm.) 

("C.) 


0.9(33.31GHz) 

1.24(24. 18GHz ) 

1.8(16.66GMz) 

3. 2(9. 37GHz) 

Water 

Cloud 

20.... 
10. ... 

0 

- 8 



0.681 

0.99 

1.25 

— on 

0.406 

0.532 

0.684 

025 

0.179 

0.267 

0.34(ex- 

trapolated) 

0. 0463 

0.0630 

0.0858 

0.112(ex- 

trapolated) 

Ice 

Cloud 

0 

-10.... 

-20.... 

8.74X10-3 
2.93X10-3 
2.0 XlO-3 

6.35X10-3 

2.11X10-3 

1.45X10-3 

4.36X10-3 
1.46X10-3 
1.0 XlO-3 

2.46X10-3 

8.19X10-^ 

5.63X10-4 


Note that ice clouds have attenuation coefficients about two orders of 
magmtudo ’ess than water clouds. Their attenuation (absorption) effects may 
be neglected as long as the ice particles continue to satisfy the relationship 
3«1. In the absence of liquid water clouds, scattering by ice clouds will be 
the only contribution to signal attenuation. 
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Rather than using the tabulated cloud attenuation values (Table 5), a 
convenient expression to use for cloud absorption (in the region 1 to 50 GHz) 
is (following Staelin, Ref. 13): 
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where 


A 

cloud 


4.3« X M X ... 

— X 1.16 


dB/Km 


M = cloud water particle density, g/m3 
T = cloud particle temperature, Kelvins 
X = wavelength, cm. 

4.343 = changes nepers* to dB 
1.16 = factor to match the Staelin expression 

to the Gunn and East values, within 10% 


For use in radiative transfer calculations, an absorption coefficient 
a (nepers/km) must be used where 

a (nepers/km) = A (dB/km)/4.343 


♦The neper is used here in the "power" sense (1 neper = 4.343 dB) rather than 
the traditional "voltage" sense (1 neper » 8.686 dB). 


"i* 


•ax 


P 2 /P, (dB) » 10 log^Qe"'*’' 

■ ")0 a log^Qe (x = 1 km) 
* -4.343 a 
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III. EQUATION OF RADIATIVE TRANSFER 

The description and use of the equation of radiative transfer is given 
by numerous authors (Refs. 14-20, et al). The noise temperature at a given 
frequency received by an ideal antenna with infinitely narrow beamwidth 
looking upward at a source outside the atmosphere and ignoring scattering is 
given by (See Figure 2): 


= T^' e ^ ^ ^ ^ ) ‘'i ( s ) e 

0 


S 




a(s' )ds' 

ds 


where T^ = effective antenna temperature, Kelvins. 


T = noise temperature of source outside the atmosphere 
^ (e.g. , black body disc temperature of the moon), Kelvins 


T(s) = physical temperature of a point s in the atmosphere, 
Kel vi ns. 


^ = total atmosphere attenuation (optical depth), nepers 

d(s) = total absorption coefficient at a point s in the 

atmosphere, nepers/kin (neglecting scattering)* 

s = distance from antenna to a point in the atmosphere, km 


* In the case of scattering (attenuation » scattering + absorption), simple 
first-order considerations will show that ci(s) will be the absorption co- 
efficient and a(s') will be the total attenuation coefficient. This con- 
dition is not considered for this cloud survey, but scattering must be 
considered for propagation through rain, particularly at frequencies greater 
than 10 GHz. 
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The total absorption coefficient (,(s) nepers/km) is the sun, of the 
individual absorption coefficients of all atmospheric constituents (water 
vapor, oxygen, clouds, rain). If ary component is absent, its individual 

absorption coefficient equals zero. The loss ("loss factor") through the 
entire atmosphere is: 

^ / a(s')ds' 

L(ratio) = e = e ® >1.0 

where /" represents the total path through the at.nosphere, approxinmtely 30 km 
at zenith, and t is the optical depth (nepers). 

The "transmissivity" of the atmosphere is defined as: 

T = 1/L = e ^ , 0 < T < 1 

The "absorptivity" or "opacity" is defined as: 

A = 1-T = 1 - e ^ = 1-1/L , 0 < A < 1 

The first term of the radiative transfer equation gives the net 
brightness temperature of a source located outside the atmosphere after 
transmissivity reduction 1/L. The second term represents the sum of 
inf initesimal brightness temperature contributions 'T(s) -,(s) ds\ each 
attenuated by the atmosphere between it and the receiving antenna (path 
length s). For atmospheric studies using passive radionetry only, and no 
source in or outside of the atmosphere, the term (t‘ g'') is equal to zero. 
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Sun- and moon-tracker studies (sources outside the atmosphere) enable one to 
determine space diversity improvement and various atmospheric parameters 
(Refs. 21-25). 

The total atmospheric absorption, A(dB), through the atmosphere, can be 
derived from the loss factor L by: 


A(dB) = 10 log^^(L) 

= 10 T logj^e 


= 4.343 T 


where t = f a(s)ds 


along a path through the 
entire atmosphere (nepers) 


An effective mean physical temperature. Tp. of the atmosphere may be 
derived from the relationship* 

^a " Tp X (Absorptivity) 

= Tp (1 - e"^) 

= Tp (1 - l/L) 

where Tj = antenna temperature due to emission from the absorptive 
( lossy') atmosphere, Kelvins 

Tp = mean physical temperature, Kelvins 

L = loss factor, > l.o 


Strictly true only for jr, isothermal atmosphere, but is a 

earth's atmosphere, where the bulk of 
at.tnuation occurs in regions whose temperatures are within 10% of 273 K. 
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A more rigorous derivation of this expression begins with the equation 


of radiative transfer: 


00 -J" a(s' )dj 

* y* T(s)a(s) e ° 


For an isothermal, homogeneous atmosphere 


a(s) = a, the mean absorption coefficient 
T(s) = Tp, the mean physical temperature 


Then, 


/ i 

e'“ ds, where i = top of atmosphere 


= Tp 

= Tp (1-1 /l) 


This relationship is discussed in more detail by Waters (Ref. 14) 


t 


As a specific example (based on an actual calculation using the 
equation of radiative transfer) consider an atmosphere (heavy clouds, at 
32 GHz) whose antenna temperature and attenuation at zenith are: 


Tg = 99.04636 Kelvins 
A = 1.93854 dB (L = 1.56262) 


Tp is found to be 

Tp = Ta [L/a-D] = 275.091 Kelvins 


This physical temperature corresponds to a region in the atmosphere 
where the "bulk" of the attenuating material lies (in this case, clouds at an 
altitude of approximately 3 km). The surface temperature for this case was 
293.16 Kelvins and the lapse rate was 6.3 K/km down to a minimum temperature 
of 220 K. 


It should be noted that Tp is an artifact and not a "constant" of the 


atmosphere. It is found after performing the radiative transfer calculation. 
For the case of temperature and/or attenuation gradients in the atmosphere, 
the Tp foiind will depend on whether the atmos|iiiere is "viewed" (integrated) 
from below or above. 


A further discussion of atmospheric modelling and noise temperature 
errors is given by Stelzried and Slobin (Ref. 26). 
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Using these simplified formulae, it is instructive to attempt to 
predict the antenna temperature for this cloud model at an elevation angle of 
30°. To a good approximation, the attenuation at 30°-elevation is twice the 
zenith attenuation. Thus, 

A(dB) = 3.87708 dB (L = 2.44179) 

Using Tp = 275.091 K, the antenna temperature is calculated to be: 

Ta = 162.431 K 

Actual radiative transfer integration at 30°-elevation yields: 

Ta = 161.660 K 
a difference of 0.771 K. 



Using 

Ta = 161.660 K 
and 

A = 3.87708 dB (L = 2.44179) 

the 30°-elevation mean physical temperature is calculated as 
Tp = 273.785 K 

which is different by 1.306 K from the zenith mean physical temperature. 

These one-Kelvin differences reflect an equivalent resolution well 
within present ability to measure or forecast cloud parameters. Thus, 
elevation angle modelling of attenuation and noise temperature is adequate for 
stratified atmospheres. For the case of scattered clouds, non-simple 
geometries, or low elevation angles, complete radiative transfer calculations 
should be carried out. 
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IV. SAMPLE CASE CALCULATIONS OF CLOUD ATTENUATION AND NOISE TEMPERATURE 

A computer proyreiii hes been written to celoilate the atmospheric noise 
temperature and absorption of water vapor, oxy'jen, clouds, and rain, (usiny 
the ec^uation of radiative transfer) along various paths in the atmosphere. 

For computational purposes, the atmosphere is divided into 300 layers, each 
100 meters thick, up to a height of 30 kin above the ground. For specific 
cloud/rain models and/or frequencies at wiiich tiie attenuation coefficient is 
very large (a - 1 neper/km (4.34 dB/km)), the 100 meter step size must be 
reduced (~ 10m) and the number of steps increased (~ 3000) in order to avoid 
large computational errors. The effect of tiiese errors is to calculate a 
value of noise temperature that is too low (for the case of very dense clouds, 
at least). The present version of the program is not "smart" (or self- 
adjusting); but the calculations appear to be adequate for all cloud cases, 
excluding rain, except very near the peak of the oxygen absorption band 
(60 GHz), or for very heavy clouds at high frequencies (> 60 GHz). The 
presentation here is restricted to frequencies less than 50 GHz. 

Since clouds do not exist independent of water vapor and oxygen, the 
effects of these two spe'ies must be included in any calculation of cloud 
noise temperature and attenuation. 


PRECEDING PAGE BLANK NOT FILMED 
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The particular constituent models are described as follows: 


WATER VAPOR 


1. 

CCIR Profile (Ref. 27) 


2. 

7.5 g/m^ at surface 


3. 

2 km scale height 


4. 

20°C at surface 


5. 

6.3 K/km temperature lapse rate 


6. 

220 K minimum temperature 


7. 

Bean and Dutton absorption coefficient (Ref. 
yield agreement with values calculated by the 
Program (Ref. 28) 

12), modified slightly to 
JPL Radiative Transfer 


OXYGEN 

CCIR Profile (Ref. 27) 

1013.6 mb at S'.' face 

-0.116h 

Pressure profile curve-fit P=PQe ,h in km 

(pressure scale height = 8.62 km) 

20°C at surface 

6.3 K/km temperature lapse rate 



6. 220 K minimum temperature 

7. Bean and Dutton absorption coefficient (Ref. 12) modified slightly to 
yield agreement with values calculated by the JPL Radiative Transfer 
Program (Ref. 28) 


CLOUD 

1. Absorption model from Staelin (Ref. 13) 

2. Modified tc fit Gunn and East values (Ref. 11) 

3. Water particle densities derived from drop size distribution 
in Carrier, Cato, and von Essen (Ref. 3) 
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Figure 3 shows a schematic view of the cloud and clear air models used 
in the calculations. In these models, h is the height (km) above the ground; 
is the height of the ground above sea level. 

The cloud model has up to two layers, base and top heights specified, 
and water particle density determined by specification of cloud type is 
defined by the World Meteorological Organization Cloud Code Chart (Ref. 4). 

The relative humidity is not adjusted to be 100% within the cloud layer; the 
absolute humidity is defined by an exponential decrease with a 2 km scale 
height. 

A number of specific weather cases were considered for calculation 
using the equation of radiative transfer to determine noise temperature and 
attenuation. Table 6 lists the 12 cases (1 clear, 11 cloudy); they represent 
increasingly dense and thick cloud layers. 

This table will be discussed further with respect to S, X, and K/\-Band 
noise temperature and attenuation effects of clouds. 
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TABLE 6. SAMPLE CLOUD MODELS AND S-, X-, K. -BAND ZENITH EFFECTS 
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4) Heights are above ground 

5) No cosmic background or ground contribution considered 

6) T(K) IS atmospheric noise temperature at zenith 

7) A(dB) IS atmospheric attenuation along vertical path 
from ground to 30 km above ground 




Table 7 shows a printout of the temperature, pressure, and absolute 

bumldlt, profiles used In the calculations up to a height of ,0 hn. above the 

he values are given at the center of the 0.1 km-thick layers. The 

receiving antenna Is considered to be located at sea level and the clouds are 

borttontall, stratified. The specific case shown In Table 7 Is for clouds 

plus ram (10 m/hr at the ground). The columns labeled ALPHTl and ALPHT2 are 

the extinction (total attenuation) and absorption coefficients (nepers/hm) at 

Ht. respectively, for the case where scattering from rain Is considered. 

e Clouds are not considered to scatter at frequencies below 100 GHt for the 

purpose of these calculations. OENC Is the cloud water particle density. 

>-00 ,/m for the lower cloud and 1.00 g/m3 f„r the upper cloud. The ralnrate 

(™/br) is given In the last column, based on a specific model. The rain Is 

cons.dered to start at 3.5 Xm above the ground and the rate Increases In a 
downward direction. 

Returning to 'able 6. the last columns show the S-. X-. and K,-Band 

tenuh no.se temperature and attenuation effects for the cloud models shown 

The notes at the bottom of the table describe rhe w > 

c T-dDie aescnbe the models used and will 

<-1arify the tabulated values. 

Table 6 shows the increasingly severe effects of clouds as the 

frequency changes from S-thru kA-R;*nH c o ^ • 

thru KA-Band. S-Band ,s affected only slightly by 

the heaviest clouds, whereas KA-Band shows very large effects, which 

ere quite severe for the case of low-noise receiving systems. 
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TABLE 7 

PROFILES USED IN 
CLOUD CALCULATIONS 


HEIGHT 

TEMP 

PRESS. 

ABS HUM. 

ALPHT1 

ALPHT2 

DENC 

RNRT 

• f5 t C u 

^ S2*64b«; 11 Jl 7*62124 

7.31482 

•46bl6 

. 34039 

•OQOOO 

9.995G J 

•iaOCU 

2 92.215U0 

996* *J037 

6*956^8 

•46335 

• 33B1 7 

•7cac9 

9*9551 C 

• 2b ?( 1 

29a.^P5iO 

964.51351 

6.61873 

•45880 

. 33478 

•00000 

9*67578 

• 3b C 

; •0*955 0*' 

97 5*15914 

6*29593 

.45255 

.3302* 

•900C6 

9*75796 

• 4b w 0 

?9J.325 JO 

961*95571 

5*96687 

•94465 

•324*5 

•OOOTJ 

9*6C3 • 9 

•&5000 

2P«»,b9500 

9%0.84174 

5*69679 

•93521 

.31799 

•00000 

9*41294 

•6b 3c(i 

269*06500 

939*87569 

5*41696 

.42430 

• 3U34 

•09900 

9*16972 

•7b c r 0 

2 68 * 4 35 y *' 

929.1)3615 

5*15467 

• 91206 

•3C176 

•90030 

8*93597 

•6b V u 

267*0158 : 

918.32)57 

4.90327 

•39861 

• 2924 ; 

•00990 

8*65455 

J9b600 

.17bOO 

93) .73859 

4*66414 

*369 66 

*2622 7 

•00000 

8*34853 

1 •Ob c ro 

kP6.54bOO 

897.26175 

4*43667 

*51693 

*42126 

KOOOOO 

8*021 1 8 

1 *15 U JL 

JM.915CC 

686 *9 1 3 65 

4.22C29 

.5C490 

.412*4 

1 *OCOC9 

7*6759 0 

1 ^2b J 0 

265*265r 0 

676*66469 

4.C1446 

•99060 

.4u3*l 

1.09009 

7*31616 

1 *36000 

2A4*65bU0 

866.574)0 

3*61867 

*97631 

.39428 

1*00000 

6*94544 ^ 

1 *45000 

28^.02500 

656*57992 

3*63243 

*96156 

.38477 

1 *00000 

6*56716 

1 *bb C ^ 0 

263*39501 

89 6 .731C8 

3.45528 

.44*78 

.37517 

1 *0009J 

6*16474 y 

1 *6b J C u 

202*7650^ 

836.93602 

3*28676 

• 93260 

.3*559 

1*00003 

5*80132 {J 

i *75000 

26 ;*13b00 

82 7.283.6 

3*12647 

•91793 

•35612 

1.00000 

5*41994 ^ 

1 *0b 0 0 3 

281.50530 

817.74 261 

2.97399 

.4 J318 

. 34*84 

1.099CO 

5* 0434 2 

1 .95 : c J 

269*67b0( 

808.31159 

2*62894 

.38937 

.33754 

1 .OOOOJ 

4 *674 3 

2*0bbC0 

2r). 2^580 

798.98936 

2*69097 


*15C4 . 

*00003 

4*31495 

2 •IbOOO 

^79*61500 

789*77463 

2*b5973 

•16198 

• X3896 

•OOOOO 

3*96733 

2 *25 0 Ou 

278*96500 

78 0.66618 

2 *43469 

*16629 

• 12796 

*00009 

3*6331 0 

2*3bU'^0 

278.5550C 

771.662 77 

2*51614 

*15162 

• 11741 

•990C0 

3*31377 

2 .46000 

2 77. 725U0 

762.76320 

2*20316 

*13809 

*10735 

*00090 

3*01044 

2 *bb C DC 

2 77.09500 

75 3 *9bb26 

2*09573 

• 12516 

• 0976 3 

•oocro 

2*72396 

2 *6b 9 00 

276.46500 

74 5 . 2 7 0 78 

1 .99552 

*113 09 

• 06885 

•903CO 

2*45490 

2 *7b t bO 

2 75 • tt 35 u f. 

73 6.6 7560 

1*6963''. 

• ir»175 

• 06044 

• COO'^O 

2*2 C358 

2*65000 

2 75 .2 05 UU 

728.17953 

1*60381 

•09128 

• 07259 

*00009 

1 *9 701 0 

2*^95000 

274.5 7500 

719.78145 

1*71584 

*06162 

• y 65 3 1 

*90000 

1 * 75435 

3*05000 

273.9954 C 

71 1 .48 022 

1*6 32 1 6 

• 26615 

*27199 

1*93000 

1 *55595 

3 • 1 b 0 1 ^ 

2 73. 3 15C0 

70 5.2 74 73 

1*55256 

• 28167 

•26963 

l.OOGOr, 

1 • 3 7449 

3*2b0bQ 

2 >2.(.e5u(l 

685.16389 

1 *47684 

.27840 

•26786 

1*00000 

1 *20935 

3*35000 

2 72. P550C 

68 7.14658 

1*40481 

.27570 

• 2666 7 

1 .30000 

1*05961 ^ 

3 *45 C CC 

2 71.425U0 

679.22173 

1 *3363: 

.27373 

*26604 

1 *9COCO 

*92504 5 

3 *550^0 

2 7j. 795< 9 

671 .38828 

1. 27113 

•23691 

• 2 369 1 

i*rcrf.o 

• icr-CG y 

3*ObOOC 

2 70. lt>50b 

663.6 4 5 17 

1*20913 

•29290 

•24290 

1.00000 

* 0 OG 0 0 

3 *75 0 jO 

:t9.5350C 

655.99136 

1*15016 

.24*47 

*29697 

1*093l'C 

• c CCL : 

3 *65 0 C C 

2‘8.9C5Uf 

64 8 .4 2 5 83 

l*r«407 

•25113 

•25113 

1 *09 

* 2 : 0 y J 

3 *95 0 ',3 

2 18.2751'' 

64 0.94 754 

1.C4J71 

•25537 

.25537 

1 *7oc:d 

• 7 : 1 c : 

4 *05 0 JO 

* 7 7* 64bU U 

633*bbb51 

•9699b 


.00497 

•oooco 

*80000 

4.15^30 

?. U5f r 

626*24673 

.94167 

. .0483 

• 0U483 

•cocco 

* r c : 6 

4*25 l: 

; r 6 . 3 ^ b t c, 

619*02621 

*6 9575 

.(<7470 

* C T4 7 f 

•03C90 

* c c 2 ^ . 

4.35 ' 

^tb. 7*^5? J 

hi 1 *Hf<7!0 

•452Co 

*w^4b7 

*mC45 7 

*C0C*'0 

• 3 c c j : 

4*4bOC0 

».b . 1 2b w U 

60 4 *b 3 012 

•eiObi 

*00445 

• 00445 

*00900 

*08000 

4 # bb 0 

9 • 4,4''5CC 

59 7*«l5 4 62 

* 77T96 

. 004 33 

* C }4 3 5 

.oo:oe 

* OOOOJ 

4.65 s, . . 

; » ? . F » 5 c . 

5'^T.'^5958 

. 7 3 ? 3 F* 

.o:4n 

* : C42 1 

. j ^ j c 

• 0 bO J 1 

4.75 ’ ( 

9 ^ 3 . : ' 5 « f 

5^4*144:6 

*69761 

• w 0 4 * 0 

* :'‘4 1 .» 

*n' -.''C 

• ) OCU J 

4 .BbuJO 

^ (4* • ii y b V U 

51 7.40 713 

•Lb359 

*0U4b0 

* G u4 J 0 

*0l L 10 

•uoooo 

4.9b 3 c: 

pt K'^T^OC 

57 3.74 74J 

*6312; 

.CC340 

* . 03 9 C 


* 7 C 0 0 J 


(.<» t • * '»!• ! 
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TABLE 7 (cont.) 



5.05 JUO 

2I1.M5CC 

569.46599 

.60099 

.0^300 

• r938 0 

.90300 

• 900.>3 

5»I5C00 

iiC. 71500 

55 7.65058 

.57115 

.wa37l 

•00371 

•OCcCC 

• coov'*: 

b.2^000 

2 1<0 . yB5uU 

551.22 751 

.59330 

•003bl 

•00361 

•00000 

•ooooo 

5.35000 

2*9.95500 

599.67021 

•51669 

.00353 

.CC353 

.90300 

•00090 

5.05COO 

25B.8250C 

538.58629 

•99162 

.80599 

.<'0399 

.o:cca 

.009CC 

5.55CCU 

258.155C0 

532*37973 

•96762 

.60336 

.00336 

.00030 

•10009 

S.4SOOO 

257.56500 

526.23987 

•99961 

.00320 

.00326 

•ooooo 

•ooooo 

5*75000 

256.93509 

520*16581 

.92312 

.00321 

• 00321 

•docoo 

• oooco 

5.«5ei0 

?V .3o500 

519.166 75 

.91299 

•0C313 

*30313 

•90000 

• ooooo 

5*«5t00 

255.675^0 

500*23688 

•38286 

.00306 

•CU3S6 

•OJCOO 

• 30090 

4.ft50M 

255.09500 

502.37539 

•36918 

•00299 

•00299 

•ooooo 

•ooooo 

6*15000 

259.91500 

996*58150 

.39692 

•00293 

*09293 

• 30t>C0 

.00003 

6.25900 

255.7O50C 

99 0.85999 

.32953 

.00206 

.00286 

.03990 

•00908 

6*35000 

253.15500 

965*19392 

• 31396 

•00200 

*l;028r 

•00CC9 

•acGCi 

6.05000 

252.52500 

979*59770 

.29817 

•00279 

.00279 

•ooooo 

•ooooo 

6.S5 000 

251.89500 

979*06651 

.26363 

•00260 

• C0268 

•00090 

. OOo 0 0 

6.650f0 

251.26500 

96 0.5 9 911 

.26979 

.00262 

.1026 2 

.00699 

•08090 

6.75i CO 

i :ju.6!5CC 

963.19976 

• 25664 

.00257 

.^C257 

•00300 


(» .85000 

250.00500 

95 1.85215 

.29912 

•00252 

.00252 

•OOOOO 

• ooooo 

6.950CC 

2 3750U 

952.57235 

• 23221 

•0C296 

• 1029 b 

.0CC30 

. ) ti M 

7.05r'uO 

2<»fl. 7950: 

997.35289 

.22089 

.32291 

.0C29 1 

.C0C79 

. ):ij - 

T.l50wC 

i ^8. 11500 

992.19353 

• 2U12 

.wC237 

•C0257 

•9w JCC 

. K " ^ - 

7.25000 

297.9B500 

93 7.09372 

•19987 

•00232 

•00232 

•00009 

• 90UUC 

7.35000 

2^6.85500 

932.05273 

•19012 

•0C227 

. 00227 

.000:9 

.<'rcr J 

7.45CC0 

2 2250 0 

927.06907 

.18085 

•60223 

• tC223 

.CI00C3 

• OtCL c 

7*55000 

2^5.59500 

92 2.19 9 98 

.17203 

• uC218 

• CJ218 

•oorcQ 

.acCTw 

7.65 000 

2 99.9650 0 

91 7.2 7590 

•16369 

• 00219 

• 00219 

•ooooo 

• OOOOO 

7.75000 

2 49.35500 

91 2.96396 

.15566 

.00210 

• 3 j21 n 

•cuoro 

• nroot 

7.85 ^CU 

245.7u50r 

9J7. 70653 

.19807 

.CJ206 

. C 02 6 

•0CC19 

• CCOO > 

7.95C 00 

245. 07500 

403.00996 

• 19089 

.0)2 02 

.0C202 

•OGCCO 

• C OC C 0 

8.05000 

242.49500 

3»8.35662 

•13398 

•Q0198 

•00198 

•00003 

• ooooo 

B.lSOfU 

/4i.rtl50t 

393.76238 

. 12799 

. U0195 

. rti95 

•oooro 

• 30090 

8.25 :iCO 

; si. 1 1-5 0 c 

399.221 12 

•12123 

•QC191 

• 0 019 1 

• 90CC*0 

• COCO 3 

8 *35 UUU 

2 n0.55:i00 

369./322S 

•11531 

•0Q187 

• 001B7 

•ooooo 

• ooooo 

8.65 UuO 

2 iS. 9250C 

38 1.29519 

• 10969 

.00169 

.1 0189 

• DOCOO 

• 90C03 

8.55 JCC 

: 

?75. 90921 

• 1 -434 

. C J181 

• -)18 1 

•oooao 

• 03:<?3 

8.6:>'i 0 

^8.fcb5»' w 

37 1.5 7385 

• L9925 

.00177 

• .0177 

•CCOCO 

• i^CCOO 

8«750i:0 

2 58 • 0 55 0 0 

3b /.^8899 

•09941 

.00179 

• 60179 

•ooooo 

• ooooo 

8.85 OuO 

4: I7.405 D0 

363.15257 

• 0P981 

• 00171 

• ;)i7i 

.OO^'OO 

• cacoo 

8.95 'm 

: .If . 7 75 0 C 

358.563 99 

• 1859 3 

•Ctl66 

• b:i68 

• acroo 

.00090 

9.051 CC 

.r ^b. I45ur 

35«.?2670 

•08126 

•01165 

• C )165 

• 30<'00 

• GCC; ) 

9,l:>OOa 

/ 05.5 150 0 

35 0.6 3565 

•0773a 

.00162 

•00162 

•ooooo 

.00090 

'^.25 uor 

i 59.8 85 0 1 

396.591 77 

.07353 

• 0U59 

. C3159 

•3Cl90 

. 3C0C J 

9,35 M O 

. 34.2550C 

59 2 .5 9 9 59 

.06999 

•:0157 

.0^157 

•03900 

• C OC J 9 

9.450CC 

2 35.625C(' 

338.6939C 

• C665 3 

.00159 

. )tl5 9 

•900CC 

• acf 

9.5500U 

2 52.99500 

339.13783 

•06329 

•00151 

.00151 

•OOOOO 

•80000 

9.650CC. 

. 32.36500 

330.87731 

.0602^ 

•00199 

. 00199 

•69930 

• OGOC‘ .. 

9.75Sfl‘ 

231.7350C 

327.06131 

•C572b 

•C0196 

• 00196 

•990r0 

•C0CC8 

9.050C0 

231.1C560 

323.28932 

• :5997 

•0C199 

• bC199 

.300C9 

•occ^c 

9.95000 

230.97500 

319.56083 

.05181 

•00191 

• 00191 

•OOOOO 

•08000 

10.05000 

229.89500 

315.87539 

.09929 

•00139 

• 0U59 

.C30C0 


10.I5OOU 

229.2150C 

312.23236 

•:9668 

.00136 

• 0C136 

.00095 

•ecciO 

10 .25: 00 

2 20.5 05CO 

50 0 .63 1 39 

• U996 J 

.00139 

• C 0139 

.00080 

• 3 C C - C 

10.05000 

227.95500 

305.07196 

•09292 

.00132 

•00132 

•OOOOO 

. 0000 0 
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The change in signal-to-noise ratio (aSNR, dB) is given by: 
aSNR = AdB + 10 iog^^ (TQp/Tjj35g) 

where AdB = change in attenuation, relative to clear air baseline 

Top = system noise temperature with clouds, Kelvins 

Tbase ■ baseline system noise temperature, including ground, 
waveguide horn, clear air, and cosmic background 
contributions, Kelvins 

As an example, consider a low-noise receiving system at K/^-Band with 
a baseline zenith system noise temperature of 35 Kelvins. Using Case 10 
(Table 6), it is seen that the zenith attenuation increases from 0.228 dB 
to 1.939 dB. The atmospheric noise temperature increases from 14.29 Kelvins 
to 99.05 Kelvins. The 2.7 Kelvin cosmic background effect decreases from 
2.56 Kelvin (2.7 attenuated by .228 dB) to 1.73 Kelvin (2.7 K attenuated by 
1.939 dB). The new Tgp is 35 + (99.05-14.29) + (1.73-2.55) = 118.93 Kelvins. 
Thus, 

aSNR = (1.939-0.228) + 10 log^^ (118.93/35.) = 1.711 + 5.312 
= 7.021 dB, at zenith 

Most of the signal-to-noise degradation in low noise receiving systems 
comes from the noise temperature increase. For high noise receiving systems 
(> 500 Kelvins), the atmospheric attenuation will cause the greatest SNR 
degradation. 

The Appendix of this report contains numerous curves of total 
atmospheric attenuation coefficients, atmospheric noise temperature, and 
atmospheric attenuation for the cloud models in Table 6. The curves are in 
sets of five, one set for each of the twelve cases listed. The five curves 
of each set are: 
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1) Total atmospheric attenuation coefficient at 32 GHz, vs. heiyht, 
all constituents, no scattering because clouds only (labelled -1) 

2) Atmospheric noise temperature at zenith vs. frequency (labelled -2) 

3) Atmospheric attenuation at zenith vs. frequency (labelled -3) 

4) Atmospheric noise temperature at 30®-elevation vs. frequency 
(labelled -4) 

5) Atmospheric attenuation at 30®-elevation vs. frequency (labelled -5) 

The eight parameters of each plot are printed at the bottom. 

They are: 

1) ELEV = elevation angle from horizontal, degrees 

2) LAST LOOP = counting loop, internal use only 

3) DENCLOW = density of lower cloud, g/m^ 

4) LOWCLDTHK = thickness of lower cloud, km 

5) DENCLMID = density of upper cloud, g/m^ 

6) MIDCLOTHK = thickness of upper cloud, km 

7) RAINRATE = rainrate at the ground, mm/hr 

8) RAINTHICK = thickness of the rain, km 
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Table 8 shows results of tests of integration step size on the 
determination of atmospheric noise temperature and attenuation for the 
worst-case" cloud. Case 12, at five different frequencies. NL is the number 
of layers in the atmosphere up to 30 km above the ground. For NL=300, 
layer thickness = 100 meters; NL=1000, 30 meters; NL=3000, 10 meters. 
Assuming the NL=3000 case to give the "correct" answer, noise temperatures 
at the same frequency but different step sizes are compared to that value. 

At all frequencies shown, the errors at zenith are less than two percent. 

I However, at higher frequencies or for cases including rain (where the 

attenuation coefficient exceeds approximately 1 neper/km), care must be 
exercised in choosing an optimum number of tropospheric layers. Carrying out 
‘ all calculations at NL=3000 makes computation of even a few cloud cases 

prohibitively expensive. Future work will involve the development of 

computational methods which strike an acceptable balance between accuracy and 
cost. 
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** NUMBER OF LAYERS IN 30-KM-THICK ATMOSPHERE, THICKNESS OF LAYER 
AND RELATIVE COST 

NOTE THE ANOMALOUS BEHAVIOR OF ATTENUATION AT NL=1000 AND 3000, 
FREQUENCY=50 GHz, WHERE NOISE TEMPERATURE INCREASES AND ATTENUATION 
DECREASES; ALSO OSCILLATORY BEHAVIOR OF ERROR 


*** TEMPERATURE ERROR COMPARED TO VALUE AT SAME FREQUENCY WITH NL=3000; 
VALUE AT NL»3000 ASSUMED TO BE CORRECT 
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